Previous studies have reported controversial results on the association between tomato consumption and prostate cancer risk. Hence, we performed a meta-analysis to comprehensively evaluate this relationship. A total of 24 published studies with 15,099 cases were included. Relative risks (RR) and 95% confidence intervals (CI) were pooled with a random-effects model. Tomato intake was associated with a reduced risk of prostate cancer (RR 0.86, 95% CI 0.75-0.98, P = 0.019; P < 0.001 for heterogeneity, I 2 = 72.7%). When stratified by study design, the RRs for case-control and cohort studies were 0.76 (95% CI 0.61-0.94, P = 0.010) and 0.96 (95% CI 0.84-1.10, P = 0.579), respectively. In the subgroup analysis by geographical region, significant protective effects were observed in Asian (RR 0.43, 95% CI 0.22-0.85, P = 0.015) and Oceania populations (RR 0.81, 95% CI 0.67-0.99, P = 0.035), but not in other geographical populations. Begg's test indicated a significant publication bias (P = 0.015). Overall, tomato intake may have a weak protective effect against prostate cancer. Because of the huge heterogeneity and null results in cohort studies, further prospective studies are needed to explore the potential relationship between tomato consumption and prostate cancer risk.
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, notably stroke 2 , hypertension 3 , and prostate cancer 4, 5 . Processed tomato products are the primary dietary lycopene source 6 . The association between tomato food and prostate cancer has been investigated by numerous epidemiological studies, with inconsistent results. Some reported that individuals with higher intake of tomato foods had a lower risk of prostate cancer compared with consumers of lower tomato intake [7] [8] [9] [10] [11] [12] [13] [14] [15] , while others found null results [16] [17] [18] [19] [20] . Darlington et al. 21 even reported a positive association between consumption of tomato and incidence of prostate cancer.
A previous meta-analysis published in 2004 reported that tomato consumption might play a protective role in the prevention of prostate cancer based on three cohort and seven case-control studies 22 . However, a latest meta-analysis of seven cohort studies from the World Cancer Research Fund (2014) failed to confirm this association 23 . The overall purpose of the present study was to evaluate the strength of this controversial association, by performing a systematic review and meta-analysis of all eligible cohort and case-control studies published on the subject in peer-reviewed literature up to now. In addition, we performed a stratified analysis by geographical region to explore the potential regional differences.
Pooled analysis and heterogeneity assessment. Multivariable adjusted relative risks (RRs) with their confidence intervals (CIs) for each individual study and for the combination of all included studies are shown in Fig. 2 . In a random-effect pooled analysis of these studies, high-tomato intake (comparing the highest with the lowest category) was associated with a reduced prostate cancer risk (RR 0.86, 95% CI 0.75-0.98, P = 0.019). Statistically significant heterogeneity was observed among included studies (P < 0.001 for heterogeneity, I 2 = 72.7%).
Subgroup analysis. The effects of tomato intake on prostate cancer risk in subgroup meta-analyses are shown in Table 2 . We firstly performed stratified analyses by geographical region, significant protective effects of tomato intake against prostate cancer were observed in Asian (RR 0.43, 95% CI 0.22-0.85, P = 0.015) and Oceania populations (RR 0.81, 95% CI 0.67-0.99, P = 0.035), but the effects were not significant in other geographical populations. When stratified by study design, the analysis of case-control studies yielded a RR of 0.76 (95% CI 0.61-0.94, P = 0.010), whereas the analysis based on cohort studies yielded a RR of 0.96 (95% CI 0.84-1.10, P = 0.579) (Fig. 3) . In the subgroup analysis by study quality, more pronounced association was detected in studies with low quality (RR 0.77, 95% CI 0.61-0.98, P = 0.030) compared with high-quality studies (RR 0.92, 95% CI 0.79-1.06, P = 0.234). Finally, in the stratified analyses by sample size, statistically significant association was observed in those small studies (RR 0.69, 95% CI 0.54-0.89, P = 0.005) rather than in large studies (RR 0.98, 95% CI 0.86-1.12, P = 0.763).
Sensitivity analysis and publication bias. The influence of each study on the pooled RR was evaluated by repeating the overall analysis after omitting each study in turn. The results indicated that no single study dominated the combined RR. The 24 study-specific RRs ranged from a low of 0.83 (95% CI 0.72-0.97) to a high of 0.89 (95% CI 0.79-1.00) via omission of the study by Stram et al. 20 and the study by Jian et al. 11 , respectively (Fig. 4) . Finally, significant publication bias was observed in Begg's test (P = 0.015), but not in Egger's test (P = 0.122).
Discussion
This systematic review and meta-analysis aimed to evaluate the relationship between tomato intake and prostate cancer risk based on 7 cohort studies and 17 case-control studies, with a total of 15,099 cases. The results of this quantitative meta-analysis provided limited evidence for a protective effect of high tomato food consumption for prostate cancer incidence. Although the overall analysis suggested a moderate reduction in risk, the results from the cohort, high-quality, and large studies were null.
The findings of this meta-analysis are basically consistent with a previous meta-analysis published in 2004 22 , which included three cohort and seven case-control studies. Its results also indicated that tomato consumption might play a protective role in the prevention of prostate cancer. But the effect was modest and restricted to high amounts of tomato intake 22 . Since then, emerging studies on this topic have been published, while the results were still conflict. In 2014, a meta-analysis of seven cohort studies from the World Cancer Research Fund reported no significant association between tomato intake and prostate cancer risk. The combined RR per 1 serving/day was 0.93 (95% CI 0.79-1.09; I 2 = 52.0%) 23 . Similarly, when stratified by study design in this study, the analysis based on cohort studies yielded a RR of 0.96 (95% CI 0.84-1.10, I 2 = 54.1). Therefore, a protective effect of tomato intake on the risk of prostate cancer is mainly observed in case-control studies. Compared with these previous meta-analyses, the present updated meta-analysis also performed a stratified analysis by geographical region, which provided a more comprehensive assessment of the association between tomato consumption and prostate cancer risk. Several potential mechanisms could explain the potential cancer-protective effects of tomato food. Tomato food has high levels of lycopene, which has been shown to inhibit prostate cancer progression in several studies. Yang et al. 33 reported that lycopene could suppress the proliferation of androgen-dependent human prostate tumor cells (LNCaP) through activation of PPARγ -LXRα -ABCA1 pathway. Elgass et al. 34 found that lycopene could also inhibit the cell adhesion and migration properties in androgen-independent prostate cancer cells (PC3 and DU145). In vivo studies, dietary tomato and lycopene could have an influence on androgen signaling-and carcinogenesis-related gene expression during early transgenic adenocarcinoma of the mouse prostate (TRAMP) mice prostate carcinogenesis 35 . In epidemiological studies, lycopene consumption (both dietary intake and its blood levels) has been linked to a reduced risk of prostate cancer 4 . This study had several important strengths. First, as individual studies may have limited statistical power, our meta-analysis of 24 published studies with 15,099 prostate cancer cases might provide more reliable results with greater precision and power. Second, we extracted data from the most fully adjusted model in each study, which reduce the potential influence of confounding factors. Third, various subgroup analyses, influence analysis, and publication bias analysis were performed to evaluate the robustness of the pooled risk estimate.
However, several limitations should be considered in interpreting the results of this meta-analysis. First, there was substantial heterogeneity across studies (P < 0.001 for heterogeneity, I 2 = 72.7%), which was likely due to the variation in population information, exposure definitions, exposure ranges, exposure and outcome assessment methods between studies. Second, Begg's test suggested the existence of publication bias. Although we adopted a loose search strategy, some inevitable publication bias might exist as small studies with negative results were less likely to be published and gray literature (such as non-English articles and conference abstract) was difficult to find. Third, the cutoff points for the lowest and highest categories of the tomato intake were various in included studies, which might also has an influence on the combined risk estimate. Finally, the association between lifestyle factors and prostate cancer risk may vary by tumor characteristics (e.g., stage and grade). However, most of the included studies didn't provide risk estimates for localized/low grade and advanced/high grade cancers separately. Therefore, we were not able to examine if there were differences by stage and grade in the association between tomato intake and prostate cancer risk. Table 2 . Subgroup analyses of the association between tomato intake and prostate cancer risk. No., number; RR, relative risk; CI, confidence interval; NOS, Newcastle-Ottawa Scale. 
Conclusion
In summary, this meta-analysis indicates that tomato intake may be associated with a reduced risk of prostate cancer. The significant protective effects were observed in Asian and Oceania populations, but not in other geographical populations. As there were no significant results in cohort and high-quality studies, no firm conclusions can be drawn at the present time. Further large-scale prospective cohorts, as well as mechanistic studies, are needed to clarify the relationship between tomato food intake and prostate cancer risk.
Materials and Methods
Literature review. A comprehensively literature search of published articles was performed in June 2016
based on PubMed and Web of Science databases. We found that few studies were eligible when only using "tomato" and "prostate cancer" as search terms. Therefore, we adopted the following loose search algorithm: ("diet" or "nutrition" or "vegetable" or "vegetables" or "tomato" or "tomatoes" or "lycopene") and ("prostatic neoplasms" or "prostatic cancer" or "prostate neoplasms" or "prostate cancer"). Furthermore, the cited references of retrieved articles and reviews were also checked to identify any additional relevant studies. There was no language, publication date, or publication status restrictions. This systematic review and meta-analysis was designed, performed, and reported in accordance with the standards of quality for reporting meta-analyses, except for not publishing the review protocol in advance 36 .
Study selection criteria. A study was included if it met the following criteria: (i) the exposure of interest was consumption of tomato food; (ii) the outcome of interest was incidence of prostate cancer; (iii) study design was cohort, nested case-control or case-control; and (iv) the effect sizes with their corresponding 95% CIs were reported. If multiple articles reported data based on the same population, the publication with the most up-to-date or comprehensive information was included in the meta-analysis.
Study quality assessment. A 9-star system on the basis of the NOS (http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp) was used to assess the quality of each included study by two independent reviewers (XX and JFL). NOS judges a study according to the following three broad perspectives: selection (four items), comparability (one item), and exposure/outcome (three items). Each item is awarded one point, except for comparability (two points). Hence, the full score is 9 stars. A study with ≥ 7 awarded stars is classified as high quality.
Data extraction. Information was collected and recorded independently by two investigators (XX and JFL).
Any discrepancies were resolved through iteration and consensus. The following data were obtained from each study: first author's surname, country, publication year, study design, age, number of cases, instrument of exposure measurement, method of outcome assessment, results of studies (adjusted risk estimates with their corresponding 95% CIs), and matched or adjusted confounding factors in the design or statistical analysis.
Statistical methods.
Considering that prostate cancer is a rare disease, the odds ratio (OR) was assumed approximately the same as RR, and the RR was designated as the study outcome. Multiple adjusted RRs with their 95% CIs were used to measure the strength of the relationship between tomato intake and prostate cancer risk. Some studies reported risk estimates for raw tomato and cooked tomato separately and did not report the effect of total tomato intake. In this situation, the study-specific RR in overall analysis was recalculated by pooling the risk estimates with the inverse-variance method 37 . A DerSimonian and Laird random-effects model 38 , which incorporates both within-and between-study variability, was applied to calculate the combined RR and its 95% CI. Subgroup analyses were carried out by geographical region, study design, study quality, and sample size. Statistical heterogeneity among included studies was estimated using Cochran's Q test and the I 2 score 39 . The level of significancefor Cochran's Q was test set at 0.1 (10%). The I 2 score was adopted to evaluate the degree of heterogeneity (I 2 < 25%: no heterogeneity; I 2 = 25-50%: moderate heterogeneity; I 2 > 50%: large or extreme heterogeneity).
A sensitivity analysis was conducted by omitting each study in turn and recalculating the pooled RR to test the impact of each study on the overall risk estimate. Potential publication bias was assessed through Begg's test (rank correlation method) 40 and Egger's test (linear regression method) 41 . All statistical analyses were conducted with STATA 11.0 (StataCorp, College Station, TX), using two-sided P values (set at 0.05).
